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ABSTRACT

Noise tests of NASA Lewis Research Center's Powered Lift Facility were
performed to determine the frequency content of the internally generated noise
that reaches the far field. The sources of the internally generated noise are
the burner, elbows, valves, and flow turbulence. Tests over a range of nozzle
pressure ratios from 1.2 to 3.5 using coherence analysis revealed that low fre-
guency noise below 1200 Hz is transmitted through the nozzle. Broad banded
peaks at 240 and 640 Hz were found in the transmitted noise. This (640 Hz
peak) explains the apparent low freguency aircraft core engine noise peak
frequency of 500 Hz observed during core engine noise studies. Aeroacoustic
excitation effects are possible in this frequency range. The internal noise
creates a noise floor that limits the amount of jet noise suppression that can
be measured on the PLF and similar facilities.

INTRODUCTION

Aeroacoustic excitation has been shown to increase jet mixing rates and
to increase 1ift and decrease drag of airfoils at high angle of attack
(ref. 1). This is the result of changes in the coherent (large scale) struc-
ture, random turbulence (fine scale) structure and gross mixing characteris-
tics in shear layers due to acoustic excitation. The source of acoustic waves
used in these jet experiments was placed upstream of the jet nozzle exit thus
transmitting acoustic waves through the nozzle to the jet shear layer. In the
NASA Lewis Powered Lift Facility (PLF) tests are performed on nozzles, ejectors
and devices that are expected to turn the flow in a desired direction for
thrust vectoring. Failure to account for the flow modifications due to the
acoustic waves, may lead to misinterpretation of aerodynamic results. The
sources of acoustic excitation in PLF are the burner, elbows, valves and
turbulence generated by the flow through the pipe.

Aircraft jet engines have noise sources that are similar to those in the
PLF. Noise predictions (ref. 2), for core engine noise in turbine type air-
craft engines indicate that maximum noise levels occur around a frequency
range of 400 to 600 Hz. The reason for the peak occurring at a frequency of
approximately 500 Hz was the subject of extensive research during the 1970's
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and early 1980's. A major source of core engine noise was thought to be the
combustor. Combustors generate noise by the turbulence generated by the flow
passing through turbulence generators and flow passages (cold flow), and by
the interaction of the flame front with upstream generated turbulence in the
combustor reference 3. Overall sound pressure levels in excess of 170 dB have
been measured in core engine combustors. In addition, under certain condi-
tions, reflections from the turbine and compressor inside the combustor can
generate tones having high amplitude (ref. 4) that could be transmitted
through the engine nozzle. These noise sources exist in the PLF burner and
will need to be considered.

Valve noise has been recognized as a major internal noise source. Over-
all sound pressure levels in excess of 160 dB have been recorded downstream of
butterfly valves used to control flow in air flow piping systems (ref. 5).

The problem created by unwanted noise in the PLF is illustrated by the
results reported in reference 6. Interaction of screech tones in a jet-ejector
configuration with the shear layer increased the pumping of the ejector and
hence its thrust. If the tones are triggered by upstream generated noise, the
results of similar tests in PLF may lead to errors in the desired measurements.

To evaluate PLF acoustically and determine the extent of the PLF noise
reaching the acoustic far field, noise measurements were made simultaneously
with internal dynamic¢c pressure transducers and far field microphones. Exten-
sive use has been made of coherence analysis to determine the spectral charact-
eristics of the sound transmitted through the nozzle. This is the sound that
could affect the test configurations downstream of the nozzie and possibly
modify test results.

Another important result of these tests is the evaluation of the affect
of internally generated noise on the measurements made on jet noise suppressors
that may be tested on the PLF. Since the internal noise creates a noise floor
that limits the suppression measured on the PLF it is important to at least
qualitatively evaluate the internal noise floor.

The results of these tests may be used as a guide to aid future PLF users
in qualitatively evaluating possible effects of PLF internal noise on their
experiments. It was also necessary to determine the internal noise so the PLF
may be improved as required.

Due to the lack of necessary far field microphones, the acoustic power
could not be determined. These tests were not intended to be a complete
acoustic evaluation of the noise generated by PLF. They were conducted to
qualitatively evaluate the rig internal noise transmitted to the far field.
The following report is the result of these tests.

APPARATUS

The Powered Lift Facility (PLF) is shown pictorially in figure 1. An
overview is presented in figure 1¢a). Figure 1(b) shows the test stand with
12 in. standard nozzle installed. The test stand has thrust measurement capa-
bility. Figure 1(c) shows pictorial details of the nozzle installation.



Air is provided by the NASA Lewis central air handling facility through
an underground piping system to a point shown at the upper right corner of the
schematic shown in figure 2. A positive shutoff gate valve is located just
above the ground and is used to isolate the rig from the central supply system
when the rig is not in operation. MWhen PLF is operating this gate valve is
completely open and is not expected to generate significant noise levels. Fol-
lowing the gate valve, the flow passes through two 90° elbows and then through
a venturi used to measure the mass flow rate through the facility. Very lit-
tle noise should be generated by the venturi provided flow separation is not
present. Downstream of the venturi, the flow encounters the first flow control
valve. This butterfly valve is probably the first major source of noise in
the system. Downstream of this valve, a tee allows the flow to be split
between two pipes. The smaller pipe leads to an in line J57 combustor can,
used to heat the air supplied to the test hardware. Downstream of the tee, a
90° elbow is installed in the smaller pipe allowing the pipe to be run parallel
to the Targe pipe. Butterfly valves are installed in both the large and small
pipes to allow the flow through each of the pipes to be independently con-
trolled. These butterfly valves are expected to be major noise generators.
The burner is also a major noise generator when flow passes through it with or
without the burner flame turned on. Downstream of the burner, the bypass flow
passes through a 90° elbow and rejoins the flow in the Targer pipe. The
merged flow passes through two 90° elbows and then to a tee located at the
test stand. At the tee, the flow is split as shown in figure 2. Each haif
passes through two 90° elbows and then through bellows to another tee where
the flow enters the floating portion of the test stand through a single pipe.
The bellows were installed to isolate the test hardware from the piping leading
to the floating portion of the test rig to accommodate the thrust measurement. |
A flow straightener is installed in the straight pipe downstream of the tee g
and also at the entrance to the nozzle section. No acoustic mufflers or noise ‘
suppression devices were installed in the piping to suppress the internally
generated noise during these tests.

INSTRUMENTATION
Aerodynamic

Aerodyamic instrumentation provided for measurement of the air mass flow
rate using a venturi installed in the main supply pipe upstream of the burner
bypass pipe tee. Air total temperature and pressure were measured upstream of
the nozzle. MWind direction and speed were also measured. Barometric pressure
was recorded. All aerodynamic measurements were recorded using a central data
processing system.

Acoustic
The acoustic instrumentation consisted of two separate systems: far
field acoustic measurements using microphones and internal pipe fluctuating

pressures using high sensitivity pressure transducers.

Far field. - Half-inch high stability precision pressure (random inci-
dence) response condenser microphones having a frequency response from 4.5 Hz



to 20 kHz (+- 2 dB) were used to measure far field noise. A 75-ft-radius
microphone circle with center at a point on the ground directly under the noz-
zle exit was used. The microphones were taped to a 2-ft-square plywood board
laid on the ground and were pointed at the nozzle exit. They were placed on
the board centerline and at a point near the boards edge such that the largest
distance on the board, 18 in., was between the microphone and the nozzle. The
microphones were arranged around the microphone circle at 30° (microphone 1),
45° (microphone 2), 60° (microphone 3), and 90° (microphone 4) off the jet
axis (fig. 3(a)). The microphone output passed through amplifiers and then to
an FM tape recorder where it was recorded for off line data analysis. The
gains from each microphone were recorded manually for use during data reduc-
tion. Each microphone was calibrated before and after the run using a 250 Hz,
124 dB sound pressure level Piston phone.

Internal transducers. - The pressure transducers used to measure the fluc-
tuating wall static pressures in the pipe, were set up to read the differen-
tial pressure between the transducer face mounted flush at the inside surface
of the pipe and a static pressure tap placed in the pipe near the transducer
face. A long length of tubing was connected between the transducer reference
side and the static tap thus damping the dynamic pressure component coming
from the tap. The transducers were installed in pairs spaced 2 in. apart
along the pipe axial direction (fig. 3(b)). Pairs of transducers were
installed at three axial locations in the pipe: the first in the vertical
pipe leading to the test rig (transducers 5 and 6), the second just downstream
of the flange in the straight pipe upstream of the nozzle (transducers 7 and
8) and the third pair just upstream of the nozzle (transducers 9 and 10)

(fig. 3(c)). The output from the pressure transducer was passed through a sig-
nal conditioner and then to a linear amplifier. To eliminate electrical noise
in the signal a 10 kHz low pass filter was used at the amplifier. Therefore,
all of the transducer data is limited to frequencies at or below 10 kHz. As
with the microphones, the output from the transducer amplifiers were recorded
on FM tape for off line data reduction.

DATA REDUCTION
Aerodynamic

The aerodynamic data was recorded using the central data processing facil-
ity located at NASA Lewis for post run computer processing. A computer
located at this facility later reduced the data to engineering units and pro-
duced the required output. Mass flow rates were calculated as was the nozzle
pressure ratio. Table I 1ist the reading numbers, nozzle pressure ratios,
total temperature (TAMB) and pressure (PTS), mass flow rate (W), ambient tem-
perature (TAMB) and pressure (PAMB), and the wind direction and speed.

Acoustic
The acoustic data was recorded on FM tape for post run analysis.
Third octave and overall sound pressure level. - Spectral analysis was
performed on a Rockland third octave analyzer and transmitted to the central

data processing facility for computer processing. The third octave and overall
sound pressure level data were processed and tabulated using an existing
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acoustic data reduction program. The overall sound pressure level data are
tabulated in table II along with the reading numbers and nominal nozzle pres-
sure ratios.

Narrow-band and coherence function. - Narrow-band analysis were made
using a Bruel and Kjaer dual channel signal analyzer, type 2032. The analyzer
provided narroW-band (autocorrelation) analysis, coherence functions and phase
information.

The coherence function provides a measure of the similarity between two
signals. If only two signals are present and the coherence function equals
unity (1.0), the signals are exactly the same. If the coherence function is
zero, the two signals do not have similar time traces and are said to be uncor-
related. For coherence function values between 0 and 1, the similarity of the
two signals is not as clearly defined. This is especially true when a second,
strong, uncorrelated noise source is present in one of the signals. In gener-
al the data taken during these tests, that is, coherence functions between the
internal pressure transducers and the far field microphones, are contaminated
by the noise made by the jet mixing with the ambient air. This noise is gener-
ated outside of the pipe and is not present in the measurements made inside
the pipe but is picked up by the far field microphone. When investigating the
amount of internal noise reaching the far field using the coherence function
between the internal pressure transducers and the far field microphones, the
jet noise is a second decorrelating noise source that causes the coherence
function to be less then unity. This will be discussed further in the results
and discussion section of this report.

For completeness, the data as reduced from the tape recordings are shown
in the appendices. Complete third octave spectral data is given in appendix A.
Coherence function and phase angle plots are shown in appendix B. Appendix C
contains representative cross correlations for internal to far field micro-
phones (part I) and internal to internal pressure transducers (part II). Sample
Coherent Qutput Power spectra and Coherence Function are shown in appendix D.
Sample narrow-band Spectra are given in appendix E. For purposes of compari-
son, the coherence function between transducers 10 (part I) and 9 (part II) to
the far field microphones are presented in appendix F. The data used to
produce the figures used in the remainder of this report are taken from the
appendices.

RESULTS AND DISCUSSION

As discussed in the introduction, the PLF generates noise internally at
the flow control valves, the burner, at points of flow separation and along
the pipe due to flow generated turbulence. To determine how much of this
noise gets to the experimental test hardware downstream of the nozzles, it is
necessary to determine what part passes through the nozzle and reaches the
acoustic far field. Through the use of the coherence function, one can infer
the spectral characteristics that two signals have in common, provided the two
signals are not contaminated by other uncorrelated noise sources.

Internal to Far Field Noise

The coherence function between the internal transducer located just
upstream of the nozzle (transducer 10) and the far field microphone located at
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90° off the jet axis (microphone 4) is shown in figure 4 over a range of
nozzle pressure ratios from 1.2 to 3.5. At pressure ratio 1.2 (fig. 4(a)),
the value of coherence exceeds 0.6 at a frequency of 238 Hz. Significant
coherence exist over the range of frequencies from 0 to 1000 Hz. A secondary
peak coherence occurs between 400 and 600 Hz. The jet noise peak frequency
based on a Strouhal number of 0.2 is 117 Hz. Since the peak coherent frequen-
cies are well above the jet frequency, it is concluded that noise generated by
the jet is not passing upstream through the nozzle thus causing an erroneous
coherence between the internal and far field signals. As the nozzle pressure
ratio is increased to 1.4 (fig. 4(b)), the coherence decreases at the 238 Hz
frequency to 0.5 and the secondary peak also decreases. The peak jet noise
frequency is 139 Hz, again well below the peak coherence frequencies. As the
pressure ratio increases to near choking (1.8) the coherence decreases

(fig. 4(c)), and the 238 Hz peak no longer exist. The peak coherence does,
however, exist in the 400 to 800 Hz frequency range. Peak jet noise frequency
is approximately 225 Hz. The peak coherence occurs at 690 Hz. Again the con-
clusion is that the jet noise is not a factor in the coherence function.

The coherence for pressure ratios above choking (figs. 4(d) to (f)),
exhibit similar coherence functions but with lower values over the range of
frequencies from 400 to 1000 Hz. A peak coherence value of between 0.15 and
0.25 is exhibited in this frequency range. At a pressure ratio of 3.5 the jet
noise peaks at 330 Hz, again well below the coherence peak of 600 Hz. As has
been discussed, the most probable cause of the decrease in the value of the
coherence function is the decorrelating effect of the uncorrelated jet noise
signal reaching the far field microphone. This is a problem that was anticip-
ated and should not be a major concern nor detract from the results. The con-
clusion drawn from figure 4 is that the internal noise, measured by the
internal transducer, is reaching the far field microphone throughout the range
of nozzle pressure ratios tested. This conclusion applies over a range of fre-
quencies from 0 to 1000 Hz. The frequency for peak noise transmission is in
the range of 400 to 800 Hz.

This conclusion explains the early prediction of aircraft core engine
noise peak frequency of 400 Hz (ref. 2). It is reasonable to expect the noise
generated by the compressor, combustor and turbine to be transmitted through
the core engine nozzle and subjected to the same nozzle transfer function as
exists in the PLF.

Internal Noise

It is well known, that noise is attenuated as it passes through an elbow.
The extent of the attenuation is a function of frequency. For random input to
hard wall ducts 1 ft high, one might expect maximum attenuations on the order
of 8 dB at a frequency of 600 Hz. Below 200 Hz, no transmission loss is
expected and above 2000 Hz the loss is on the order of 3 dB. The one-third
octave spectra for transducer number 5 located in the vertical pipe and number
10 located just upstream of the nozzle, figure 3(c) is shown in figure 5(a) as
a function of nozzle pressure ratio. Over the range of pressure ratios tested,
the transmission loss is relatively constant and is on the order of 40 dB.
Part of this loss may be attributed to the elbows between the transducers.
Four elbows or tees exist, plus two 45° turns, in the section just upstream of
the nozzle. In addition, a flow straightener consisting of a honeycomb section
is installed at the tee just upstream of the nozzle. If the equivalent of
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five elbows are assumed the 8 dB per elbow yields the 40 dB measured value.
However the large loss below 200 and that above 2000 Hz cannot be accounted
for by elbow transmission loss. It is possible that another process is occur-
ring. The flow after the vertical pipe section leading to the horizontal
piping is split and then rejoined at a tee just upstream of the nozzle. Noise
coming from upstream is also split and rejoined at the tee. It may be possi-
ble that the acoustic waves interfere at the tee and that their amplitude is
therefore reduced.

For comparison purposes, figure 5(b) shows transducer numbers 9 and 5
spectra. Transducer number 9 is 2 in. upstream of transducer number 10. At
the lower pressure ratios, both transducers 9 and 10 have similar sound pres-
sure level differences (figs. 5¢a) and (b)). An anomaly exists in the data
that at this time has not been explained. Figure 5(¢) shows the spectra for
each internal transducer at a pressure ratio of 3.5. Transducer number 10 has
a much lTower sound pressure level than transducer number 9 even though they
are separated by only 2 in. Analysis of the duct acoustics is complicated by
reflections from the tees, elbows and nozzle that can cause standing waves in
the pipe. The noise also has an unknown distribution as it enters the pipe
and that further complicates analysis. Given the limited number of transduc-
ers in the pipe further analysis is not likely to provide a reason for this
anomaly.

Disregarding the above anomaly, the conclusion drawn from the discussion
of figure 5(a) and (b), is that transmission Tosses on the order of 40 dB can
be produced by the elbow and flow splitting arrangement employed in the PLF.
It should be pointed out that any flow separation at the elbow could create
noise.

Far Field Directivity

The coherence functions for the internal transducer (number 10) to each
of the far field microphones are shown in figure 6. For a nozzle pressure
ratio of 1.2 (fig. 6(a)), the internal noise radiated from the nozzle appears
not to be highly directional. This is consistent with the usual assumption
that internally generated noise acts Tike a monopole source and therefore is
radiated equally in all directions. However, as is evident by comparing the
coherence function at the 90° to the 60° microphone location, the coherence
begins to fall off slightly at the 90° location.

Comparison of figures 6(a) to (b) shows that for all microphone angles,
the coherence function decreases with increasing jet velocity (pressure ratio),
a result already discussed herein. Since a decrease in the coherence function
is expected when jet noise is present, it should be expected that the internal
to far field coherence function should be less at the angular positions where
the jet noise is the greatest. Jet noise peaks at angles from 30 to 60° off
the jet axis and is a function of the jet temperature, probably due to the
increased jet velocity with temperature. Cold jets have peak noise closer to
the jet axis than hot jets. Examination of figure 6(b) shows a minimal coher-
ence at a frequency of 690 Hz for the 30° microphone location. The coherence
is greater in figure 6(c) at the 60 and 90° locations. The same trend exists
in figures 6(d) and (e). Finally, at the highest jet velocity, figure 6(f),
‘the maximum coherence exists at the 90° location with the lower angles having
much lower values by comparison. This result is expected since lTower jet
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noise exists at the 90° location, thus minimizing the decorrelating effect of
jet noise on the internal to far field correlation. This result has extreme
implications when the PLF or any jet noise test rig used for jet noise suppres-
sor testing has internal noise present. In fact, the sideline jet noise
suppressor results would be wrong causing erroneous results to be reported.

The conclusion based on this discussion is due to the directivity of jet
noise, the internal noise is most likely to appear as a noise floor at the
sideline measuring point, provided the jet noise has been suppressed. It is
imperative that the internal noise be reduced below the acceptable sideline
level for jet noise suppressor testing to avoid erroneous test results.

Internal Coherence

The internal fluctuating pressure measured by the transducer, is the
resultant sum of the acoustic and turbulent pressures. Turbulence decays with
distance and changes its character so that it decorrelates with relative small
downstream distances. The coherence function between the upstream transducer,
number 5 (upstream vertical pipe section) and the nozzle transducer, number 10
is presented in figure 7(a). The transducers are separated by large distances.
Therefore the turbulence is not correlated at either of the transducers though
it does exist in each of the pressure measurements. The coherence function
therefore is a measure of the acoustic pressure that is transmitted along the
pipe. The coherence at a pressure ratio of 1.2 and 3.5 is high at frequencies
lower than 440 Hz. This is consistent with the fact that Tow frequencies tend
to be transmitted, while higher frequencies tend to be attenuated by the
elbows. The coherence has lower values above 440 Hz but exist up to frequen-
cies on the order of 1200 Hz. The lower magnitude is probably due to elbow
and geometry transmission loss.

The coherence function between the nozzie (transducer number 10) and a
point 28 in. upstream of the nozzle (transducer number 7), figure 7(b), is a
measure of the acoustic signal at the nozzle. The magnitude is larger than
the previous comparison, figure 7(a), because little, if any, acoustic trans-
mission loss exists in the pipe section between the transducers. The fact
that the coherence function has significant magnitude over the frequency range
0 to 1600 Hz indicates that the acoustic signal is present in the pipe just
upstream of the nozzle. The difference between the shape of the coherence
function at the nozzle figure 7(b) and the shape of the coherence function
between the nozzle and the far field microphones at low pressure ratios
figure 4(a), is an indication of the nozzle transmission 10ss.

The conclusion, drawn from a comparison of figures 4(a) and 7(b), is that
the nozzle transmits acoustic waves over the range of frequencies from 0 and
1000 Hz with a maximum between 40 and 300 Hz and secondary maximums between
400 and 800 Hz.

PLF OASPL Directivity
The directivity of the noise generated by the PLF is shown in figure 8.
The overall sound pressure level (OASPL) in the acoustic far field is plotted
as a function of microphone angular location from the upstream inlet axis

(that is 180° minus the microphone angular location measured from the jet
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axis). At subsonic (fig. 8(a)), and transonic nozzle pressure ratios, the
directivity is generally uniform. Jet noise directivity is not typically uni-
form. This indicates that internal noise is dominating the directivity. For
nozzle pressure ratios at and above 2.5 (fig. 8(b)), Mach numbers greater than
1.22, the OASPL peaks at between 120° and 135°. This is the directivity ex-
pected for jet noise and indicates the jet noise is dominating the far field
measurements above pressure ratios of 2.5. This appears consistent with the
coherence function results discussion of figures 4 and 6. The conclusion
drawn from this discussion, is that internal noise probably dominates the far
field OASPL up to a nozzle pressure ratio of 2.5.

Narrow-band Spectra

Representative narrow-band spectral data are shown in figure 9. Compari-
son of the coherence function at a pressure ratio of 1.2 (fig. 6(a)), to the
narrow-band spectra (fig. 9(a)), shows the narrow-band spectra maximums in the
same frequency range as the coherence function maximums, that is around fre-
quencies of 240 and 640 Hz. The conclusion is that narrow-band spectra of the
internally generated noise transmitted to the acoustic far field is shown in
figure 9(a).

Small, supersonic jets often generate tones as a result of an acoustic
feedback from the jet mixing layer to the shear layer at the nozzle exit.
These tones tend to dominate the OASPL. Large nozzles such as the one used on
the PLF generally do not exhibit such tones. The PLF nozzle tested, however,
did generate a strong tone at 362 Hz and its harmonics as shown in figure 9(b).

The conclusion drawn from this discussion is that the internal noise
transmitted to the acoustic far field is broad-banded around a frequency of
640 Hz. As the nozzle pressure ratio is increased, the jet experiences the
acoustic feed back that causes a large amplitude tone to be generated at
362 Hz and multiples thereof.

Overall Sound Pressure Level

Due to the limited number of microphones used for these tests it was not
possible to determine the total acoustic power generated by the facility. A
comparison of the PLF noise to prediction was not attempted. However, for
informational purposes, a plot of the OASPL as a function of nozzle pressure
ratio is shown in figure 10. Figure 10(a) shows the far field microphone
data. Above a pressure ratio of 2.5 the OASPL increases approximately 40 dB
for all microphone locations. The tones account for a significant portion of
the 40 dB increase.

Figure 10(b) shows the OASPL results from the internal transducer measure-
ments. The upstream transducers (numbers 5 and 6) are not highly dependent on
pressure ratio. The transducers, located in the pipe immediately upstream of
the nozzle, show an increase in level around a pressure ratio of 2.5 with the
exception of transducer number 10. Transducer number 10 OASPL decreases at a
pressure ratio of 2.3. No explanation for transducer number ten's behavior is
presently available. Comparison of the coherence function between transducer
number 9 and the far field microphones and transducer number 10 to the far
field microphones were made in appendix F to validate the use of transducer 10
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in this report. The coherence functions were the same for both transducer 9
and 10. The conclusion then was that the use of transducer number 10 data was
justified.

Internal Noise Spectra In The Far Field

The coherence function between the internal pressure transducer at the
nozzle and the far field microphones indicates a range of frequencies where
the internal noise reaches the far field. The decorrelating effect of the jet
noise tends to mask some of the internal noise in the far field so that the
value of the coherence function cannot be considered completely definitive.

As shown in figure 4 broad-banded coherence exists at 240 and 700 Hz. The far
field one-third octave spectra shown in figure 11¢(a) (square symbols) have
peaks at 250 and between 630 and 4000 Hz, corresponding to band numbers 24 and
28-36. The peak at 125 Hz (band number 21) corresponds to the jet noise peak
for a Strouhal number of 0.2 and nozzle diameter of 1 ft. The conclusion is
that the third octave far field spectra is dominated by the internal noise at
a pressure ratio of 1.2 at the 90° sideline location. As the pressure ratio
is increased through 1.8, the coherence occurring in the 630 to 1000 range
remains (fig. 4). The peak third octave spectra begins in this range and
extends to 4000 Hz (fig. 11(a)).

Between a pressure ratio of 1.8 and 2.0, (at choking) the magnitude of
the spectra drops 20 dB but its peak remains in the internal noise frequency
range (630 to 4000 Hz). This drop could be the result of choking on the nozzle
acoustic transfer function. As the pressure ratio is increased above 2
(fig. 11(b)), the broad-banded peak stays in the internal noise frequency
range (1600 Hz) except where aerocacoustic feedback creates tones (bands num-
bers 26 and 29, 400 and 800 Hz filter bands respectively, see fig. 9(b)
for narrow band data).

At 60° (figs. 11(c) and (d)), similar results are found. However, at 45°
(fig. 11(e)), and at pressure ratios above 1.8 (fig. 11(f)), the peak sound
pressure level (SPL) occurs at 315 Hz. Based on a Strouhal number of 0.2 the
jet noise peaks at 330 Hz. The conclusion is that at a pressure ratio above
1.8 and microphone angles of 45° the jet noise begins to dominate. At 30°
(fig. 11(g)), and pressure ratios of 1.2 and 1.4 the internal noise dominates
but above 1.4 fig. 11(h)), the jet noise dominates at the 315 Hz frequency.
The conclusion is that up to a nozzle pressure ratio of 1.4 the internal noise
dominates the far field SPL at microphone angles from 30° through 90°. At the
60° and 90° microphone locations, the SPL are completely dominated by internal
noise. At the 30° and 45° microphone locations and above nozzle pressure ra-
tios of 1.4 the SPL are dominated by jet noise. These conclusions are consist-
ent with the coherence analysis of figure 6.

CONCLUDING REMARKS

It has been shown, through the use of coherence functions, that the inter-
nal noise generated in the PLF that reaches the acoustic far field has a fre-
quency less than 1200 Hz and exhibits broad banded peaks at 240 and 600 Hz.
Spectral analysis has shown that internal noise that reaches the far field
exceeds the 1200 Hz and may be transmitted up to and possibly exceeding
5000 Hz. Reference 1 states that jet shear layers can be excited at Strouhal

10



number of 0.5 and shows graphic evidence of the result of such excitation.

For the PLF the excitation frequency based on the Strouhal number of 0.5 would
be on the order of 500 Hz. This frequency is close to the measured internal
noise frequency and should cause alarm when planning jet type experiments for
the PLF.

For experiments evolving wings operating at high angles of attack,
reference 1 shows that the flow attachment can be modified when the flow is
excited at Strouhal number of 4. For a wing chord of 5 ft, the excitation fre-
quency would be approximately 800 Hz or less. Again this frequency falls
within the measured frequency range for the PLF. Thus, it appears that a real
need exists to evaluate the effect of PLF internally generated noise on any
prospective test hardware, and that steps be taken to decrease the internal
noise to an acceptable level.

Another aeroacoustic effect in reference 6, is the increases of thrust
due to the screech tones generated by primary nozzles in ejectors. These
tones can excite the jet mixing thus increasing the ejector thrust. Since
tones exist in the PLF nozzle, thrust modification could result.

Finally, as has been pointed out in this report, internal noise gen-
erated in the PLF creates a noise floor for the facility. This noise floor
will prevent the testing of jet noise suppressors since when the jet noise is
suppressed the internal noise floor is measured instead of the true jet noise
suppression. In fact this was the case in a previous jet noise facility
located in the same area as PLF some years ago. If noise of any kind is to be
measured at the PLF, the internal noise must be reduced to an acceptable level.

CONCLUSIONS

1. Broad banded noise is generated in the system by air flowing through
the valves, burner and associated piping.

2. Below a frequency of 5000 Hz noise is transmitted via the piping and
through the nozzle to the acoustic far field over the range nozzle pressures
(1.2 to 3.5) tested.

3. Coherence from the internal to far field microphones was greatest at
low nozzle pressure ratios. This indicates that the coherence measurements
were affected by the jet noise source acting as a second noise source observed
by the far field microphones, thus causing a decreased coherence as the jet
noise increased.

4. Pipe elbows and facility geometry reduce the fluctuating pressure lev-
els by as much as 40 dB over frequency range from 50 to 10 kHz.

5. The value of the coherence function from internal to far field micro-
phones increased with angle from the jet axis; a result that is consistent
with a decrease of jet noise with angular displacement.

6. The internally generated noise below a frequency of 1600 Hz may affect
the test results of any shear layer such as jets, boundary layers, flow over
airfoils, and ejector mixing regions.



7. The internally generated noise creates a system noise floor that will
prevent proper jet noise suppressor evaluation tests from being performed in
this facility.

PLF RECOMMENDATIONS

1. Low and medium (100 through 10 000 Hz) frequency mufflers should be
installed in the straight pipe section as close as possible to the nozzle.

2. The muffler must be broad banded and reduce noise in the 50 to 1600 Hz
band width. Multiple mufflers in series may be required to obtain the
required insertion loss.

3. The existing valves should be replaced with quiet valves that produce
high frequency noise that is more easily absorbed by mufflers and lined elbows.

4. To absorb the valve generated noise, mufflers should be placed in the
line just down stream of the low noise valves. This will minimize the amplifi-
cation of the valve noise by the combustor.

5. One must be aware that low frequency noise is generated by combustors.
Therefore when heated air is required, the low frequency mufflers will be a
necessary part of the piping downstream of the combustor.
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APPENDIX F
COMPARISON OF CQHERENCE FUNCTION FOR INTERNAL PRESSURE

TRANSDUCERS NO. 9 AND NO. 10 TO FAR FIELD MICROPHONES
PR=3.5

184



APPENDIX F

PART I

TRANSDUCER NO. 10

185



ggc tv# cIM dNi3S

NIT ZHM9 T + ZHO X

ZHOO9Tt X 930 0oo2+ 01 00ZS-—- A

9306 ST11-~ A NIVH ASVHJ TH 4S38 D334 1IAM

5g “1 5; ﬁﬁ MOt éd 39 0 My 0 M2 0 o
1 A L A — P | Py s PO | A s A A 1 Akl ODN'
—=_ _ I —— _— _ —_— _ — _ 0oo1-

o
] oot
____ K ¢ ___. |

-y v v v v v v v v ) v v v v 14 v v M L{ v d v v QQN

M3 T My °1 M2 -1 - MO "1 M8 ‘0 Mg °0 My O M2 0 o

et ?144.<.1+i141t41%ll1441i}JJ1i1l{}Aldjﬁlitltlliilllllﬂ1ﬂﬂﬂLu

| 20
< ”Qla
EX:
 8°0

] 4
#1 v M L] v v v v L v v v v v v hdl v v ¥ v v LA v v v v L v v v v v .Olﬂ

aGe W SIM dNi3s

NIT ZHMG "1 + ZHO X

ZHOO9!? £X 001 '

wge °t SA NIVHNW 1NdNI 3IN3IN3IHO03 O

tsjuUBwWwWo]

\..nﬁu\ ,\ﬂ\v
LG
foxfop otvii [l
FARTN AR \\..\
gl suy
=2dd A
1308 qQ

- 1-1_T

truBtg

33j4e1(9 18

‘oN ®bpg

2eo2 ed/)

oy 2 1en4g

ORIGINAL PAGE IS
OF POOR QUALITY

186



ZHOO091 X

NIT

ase

‘v 2TM dNi3S

ZHM9 T + ZHO X

930 00e+ 01 002- A

930e "L11 A NIVA 3SVHd TH dS38 0384 1AM

MO °1 My °T Me *1 MO °1 M8 0 M8 "0 My "0 M2 "0 0
L A A A 4 A A A A i a a A a L A A 2 A 2 A P 1 A A A A A A A A P J I A A A OON'
_ | _ ——_— __. — — i [ oo1-

_ z— [ o

| !

} oot
-— —- — LR | | | §

— _ 1 __ ——_ _ __ ﬁ
* v AN A S S Y Ty L R IR A A | T T oo

M8 "0 M8 °0 M¥ "0 Me ‘0 0

: EW | ¥ "0
| W J |
g0
N
-
| =8
4 m L
] g5 |
i hd L el v v L] v A v ) ) - L} L hd hd hd v L Dlﬂ
agce ‘ve 2IM dNi13S
NI ZHMS "1 + ZHO X

ZHOO9T X

wso -t A NIVKA

1NdNI

00°1 s
3ION3Y3IHO3 O

IsjuLBwWo

Lo %P
“SWO;
"€12Y Pmiy
W =3 4D
o/ L= 4o

acad 474

1308 qp
*spsp

s ~ubg

28

43/41] 7
‘oN ebBoyg

2enz ed{)

187




gSc V¥

cIM dNiL3s

NI ZHMG "1 + ZHO X
ZHO091 *X 930 002+ 01 00c2-—- A
93ay "66- A NIVHW ISVHd TH dS38 D384 1AM
Mg °1 My ©1 M2t MOt M8 "0 M9 "0 MY O M2 0 (0]
[ A " 't A A 2 A L A A 1 A A P A A - L A A, A A 'l A - A A 'l U S W A DQN'
| I | " Lo _,{_ o
] _ ! _ o
| __ __ __: | 007
J v T M | S ey | A LN A R AR L M M ] v .QQN
Mg °1 My ©t ¥ T MO "1 M8 ‘0 M9 "0 MY ©0 2 "0 o
} O
] |
1
.N.O
) v 0
8 °0
, 80
n
f v v T T v v T v T v T M M v M ] v ¥ v * T vy v -Olﬁ
aGe ‘V# 2IM dNl3S
NIA ZHMG °T + ZHO X
ZHO0g1 X 00 °1 s
wgo *T A NIVK 1NdNT 3INIY3HOI O

IS3UBWWOY

L8l Py
Swl Ol

RCJIP FoAT L
LW =455
VL =42

9tyd 47d

i3o0ef qg
‘spep

s ~uB1g

-

E8
‘oN ®bog

2e02 od{]

ORIGINAL PAGE IS

188

OF POOR QUALITY



gSe v cIiM dNi3s
NIT ZHMG "1 + ZHQO 82X
ZHO09T1 X 3930 oo2+ 0ol og2-~ A
93471 LT A  NIVW 3SVYHdJ TH dS3y D384 1AM
Mg °1 My o1 Mzt MO °1 M8 0 Mg 0 My 0 M2 0 o
A A ' A A A i A e A A A " A i A A A A A e A A ] A " 4 i e a A ] ODNII
Isj3uBwWOY
_ m
5 L8l %y
o SWOlL
A7 dui L
bW 2gy?
: oot oL = 74
! = ] _______ v qa¢¥d 4d
. 1308[ qQg
K L T 1 " r— MR e o . Qo2 ‘sbepn
tuBrg
P IATE 1 4=
34/ *oN ®6byg
¥ 0
] [
]
. 90
] !
L ‘8o 2enz odA)
] ”
— T — r ——— r— ——s — 01
gse v SlM dni3s
NIT ZHMS "1 + zZHQ ¥

wgg -2

ZHO091 X
A NIVKW

1NdNI

00 "1 s
JION3¥3HOD O

189

L PAGE |5
R QUALITY

ORIGINA
OF POo,



gse  tv# cZcM dN.L3S
NIT ZHMg "1 + ZHO X
ZHY 89 X arP08 dMd =2NWOST tA
anNM1 "81 A NIVKW ¥3IMO0d LNIHN3IHOD P
M3 1 MY °1 M1 MO °Y M8 "0 M9 0 My "0 M2 "0 G
; — F WY
4 p
b
v v | RO S Sama SE S B N -~ Y MY A Ty
M3 "1 My 1 A § e [ ¢ M8 ‘0 M8 *0 My O Me "0 o
] .— é _—
u \ 4l
91 i
4 3
B -y v ¥ -y I B .i* ey A JUNEN SEN e S S SRS SN
g9G2 ‘VY# 22M dNn.i3as
NIT ZHMG T + ZHO X
zZHYB9 X oo°t ¢
wg ‘gy A NIVH 1NdN1 JINIH3IK0I

18

wy

1IsqUBWWOT

ARGE

2 =7yo
) L 92
t') Y4 4d

1308 g0
‘sSoBp

1*ubstg

=14
‘oN ®=6oyd

2e02 =dA}

4oy » [8nug

ORIGINAL PAGE i35

190

OF POOR QUALITY



APPENDIX F

PART II

TRANSDUCER NO. 9

191



gg2 'v¥  2TM dni3s
NI ZHME "1 + ZHO X
ZHPB9 X 930 0c2+ 0L 002- A
9309 "r9T ‘A NIVW ASVHJ TH JdS3Y 034 M
TR My °1 SRS ¢ 3G °0 sty 0 MZ 0 o
.V A Ao bt Aenh U SUN S SRy VI VAU YN UHUNT W W ST S G N oo2—-
: ”
: [
i ! pot-
I ity
} e
1 Wi o
: 1
*y 3
3 {
M; oot
b —4 ooz
Mgt sy o1 2 "1 STa il s8 0 g 0 sy "0 M2 0 o
#{4411}11Jtj21§}114!}1JT14}144JT1lIt1{}JJJJtiitilttlal¢}1§§ﬁmmo
: :
4 :
S N L
: E
. {
S Ly
s b
h ' 8°0
4 S
} b
o
= 070
i _
.wq! L AR I SR Saa AN ASAEL A Mt 4 T Ty I!I* /AN S auiufon Sutesn Sunin Shmuht Subnd Slunish ARt SN AN SRERL SRSNE SRENES H-Qoﬂ
G2 vy 2IM dniL3s
‘ NI zZHMg T + ZHO X
ZHyeg  *X co°"t °
ngiy A NIVA 1NdNI 3IN3IN3H03 O

1Is3UBWWO]

LBl Py
pui O
EIP g Wi L
T -G
b/ T
< ¥ A7d

308 qg
‘snepy

r-ubrs

gL
obog

88/4L{/q

‘oN

2eq2 odA)

§03

AN

P

oR Q

'l
LR

DRI A]

192

ALITY

DA

OF 7



852 ‘v 2IM dniL3s

NIT ZHMG °T + ZHO X

ZHv8g X 930 gges+ QL og2- A

93044 "991 ‘A NIVH 3SVYHd TH JdS34 B384 1M

58 °t Mqr -t W't MOt

7;.!?. Y ? SN GO NS WORY VI Y 1
.

¥g “Q >y "0 ¥2 o o]

Y U

Y

e gga--

X IsjuUBWWO

B ts Ao

HE8i% 4

T I VAXNAIE
ﬁuo S9 C

fii AIP TYTL
f W T a0

» bl =90

S'2 ¥d d7d
308 q

~—4 002 "@DBR

I

s e e P

193

M8 °T Myt

: : 1 uByg
“T ~— e e T e s i n L e o e e i v eh i oo+ oo R e R . l...l.!l!!!.lvl.\.i!l..:l,.ln_m 2 [ N.W.\&\\\ W mm
: ! ‘oN ®eBoy
- -

- s e e . — - - -t r e ——— T T e Tt i L 4 s i 3 = S < ———— - 4 e e, ||.fl-fv 4 -D

: "

h.‘: i T o o = o t———— o 4 o lo

<+ 3

& b

[P — 11;;asi;::-s;;:e;‘4?@s;aae;s;?i:;;;:;sz:z;iiﬁsé;;;;iesisi%m.o 2e02 ®dAy
i ﬁ

e e e e e gy —p T —r——— J)1|!14, T e P g gy gt

3
gs2 yw 2TA dNnl3s
NI ZHMG T + ZHg X
ZHrBg %X go°r ¢
WL ST A NIVW LNaNT 33N3Y¥3IH03 O



gGe2 v cIM dN13S
ZHM8 °T + ZHO 'K
930 goe+ Ol 00e8-—- ‘A
TH JS3d8 O3dd  TM

e ‘0 My "0 e ‘0 o}

SR YUY WP UV WY YOO WS SENS S 3 PR URPI SR I TP T S

NIT
aASVYHd

ZH¥ 88 X
93de "eqt A NIVH

Mg °T My °T Me °t MO 1

[P Y WU WU WU W Ul ST SRRPY SR SR Ll t PRI VPN ESY WP RSP )

gge-

PR i)
s ————
S
e >
P samer————
o
P e—

——t
J= =TT ﬂv-
==

e N
==

.:,tEﬂ____‘-..

W3

g

ey T o E S

—
!
T
— b
i

« ’
e e e o e e e ey 200
" r
t »
L e e by o
S - i
+ ;
H e = et R i R ST e R L e -El.w. g°c

: T
t .. - — .

b AR ante: Slhaee abies Jongen Anttnd Sunte Samte JUARER AR BRI AN |

gSe v eIM Jdn.L3S
ZHMg T + ZHO X
g "1 y

3ON3¥3H03 O

q\.<4<q<<<«4\I<ﬁ44|-14<4<<iﬂ|*.!14144

NIT
zZHv 88 X
A NIVK

w3 ‘62 LNdNI

I9j3LBWWO]

/16w 1
T

w v

S
o/ Pl
S 44 s

1zoe{ g
1=

t-uBStg

200 g 89

‘oNn eBodg

2eoz edAL

ORIGINAL PAGE IS

194

OF POOR QUALITY

c- 7



SSc v cIM dN.i3s
NIT ZHMG "T +« ZHO X
ZHr8ag *X 930 0ge+ 0Ol coe- ‘A
93av¥ “24Lt ‘A NIVW 3SVYHd TH JdS3y O3¥4 1AM
M@t Mt Mt MO 1 M8 ‘0 M8 "0 My “Q M2 “0 o}
m..l- s deed T QYO R S U W W WP Y S ST S [V S R UUUN W VT VI S WY SR ST S WP U | QQN.I
! = — _ 2- ~ — 0ot-—-
m _ m ] ﬁ@ {
,._ [ . | _ ] _ n
A L T
i _~ . { .f
Ll N AR
gl W
i ; ) R U
e L} LN A A - 1* MAAEE ANE ASE SREn B At | AR A NNt SRt JMEe S QQN
b1 Il § Myt Me“t be (= S 4 38 ‘0 M8 "0 MY ‘0 ¥Z 0 o
3 o]
p = 9 m _ ;
; ”
I - R | 20
! m
W;r - - v -a
| E—— — — e =Re]

v e v rrrry
o
[
]

o = v dJﬁﬁ.J.qﬁ.q‘*,*.-i#-J-.4< LARNA SR S J.Qoﬂ
9S2 'W¥  2IM dnli3s
NIT ZHMG "T + ZHOQ  8X
zZHr8Q X ao "t
WE "EE  SA  NIVW LNdNT JININIHO3 O

sy UBWWO]

AIRIE
5~ QO
R oP ol

HN -~ 790
bl =vYo
Seyd 474

13om qpo
‘spepy

1uBtg

Etjaurfs 48

‘oN ®bogy

2ECZ edAy

)

ORIGINAL PAGE

OF POOR QUALITY

195



TABLE I. - AERODYNAMIC DATA FOR ACOUSTIC TESTS

Reading | Pressure Total Total Mass Ambient Ambient Wind Wind
ratio tempera- | Qressure, flow pressure, | pressure, | direction, | velocity,
ture, Pes rate, Tamb+ Pamb s deg mph
T ’ 3 N' o .
o;s psi 167s R psi
176 1.17 524.5 16.8 32.77 527.17 14.35 178 8
184 1.27 536.7 18.29 43.55 525.9 14.34 16] 2
177 1.36 521.8 19.52 46.74 527.3 14.35 153 4
178 1.57 524.2 22.5 57.79 527 180 9
179 1.76 526.4 25.25 66.15 526.8 181 7
188 1.92 535.9 27.61 72.03 526.3 174 10
181 2.2 532.6 31.56 82.53 526.4 170 8
182 2.1 533.7 3.7 82.15 526.1 163 5
183 2.45 537.2 35.12 91.13 526 14.35 179 6
185 2.92 537.6 41.85 109.8 526 14.34 m 5
186 3.00 537.3 43.11 1n.s 525.8 14.34 177 7
187 3.45 536.5 49.43 128.5 526.4 14.34 180 9
TABLE IT. — OVERALL SOUND PRESSURE LEVEL
(dB reference, 20 mPa.]
Reading | Pressure Microphone Transducer
number ratio
1 2 3 4 5 6 7 8 9 10
Microphone angle,
deg
150 135 120 90
Tape channel numbers
176 1.2 91.2 92 91.8 92 160.3 | 158.9 | 107.5 | 118.7 | 107.2 118.7
184 1.3 94 94.3 94.8 94.3 | 162.6 | 161 109.6 | 100.4 | 108.6 121
177 1.4 95.6 95.6 95.8 94.9 | 162.7 | 161.7 | 110.2 | 100.2 | 109 122.1
178 1.6 81.4 99.3 99.3 97.4 | 164.3 | 163.9 | 111.5 | 100.8 | 110 123.1
179 1.8 84.1 83.2 82.4 98.6 | 165.1 ] 164.6 | 111.8 | 100.6 | 111 124
188 2 87.7 85.3 83.8 99.7 | 163.5 | 163.1 | 1 100.5 | 110.1 122.6
181 2.3 90.1 88.1 85.9 83.8 | 167.2 | 166.6 | 113.7 { 101.4 | 12.5 106.9
182 2.3 90.7 87.7 85.4 82.5 | 166.8 | 166.7 | 155 101.6 | 112.1 106.9
183 2.5 135.3 | 133.5 | 131.3 88.6 | 167.4 | 167.4 | 155.8 | 102 112.8 107.9
185 3 121.3 | 137.7 | 135.4 | 135.5 | 149.8 | 149.8 | 157.3 | 142.8 | 155.7 108.7
186 3.1 121.4 | 138.3 | 136.5 { 121.3 { 150 150.1 | 157 143 155.5 109.1
187 3.5 122.7 | 139.6 | 138.4 | 123 161.2 | 160.7 | 151.9 | 141.7 | 150.9 104.2
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(A) OVERALL AERIAL VIEW.
FIGURE 1. - POWERED LIFT FACILITY.

(B) TEST STAND.
FIGURE 1. - CONTINUED.
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(C) STANDARD NOZZLE AS INSTALLED IN THE TEST RIG.
FIGURE 1. - CONCLUDED.
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FIGURE 2. - SCHEMATIC OF POWERED LIFT FACILITY.
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(A) FAR FIELD MICROPHONE LOCATIONS.
FIGURE 3. - POWERED LIFT FACILITY INSTRUMENTATION.

FIGURE 3B. - INTERMAL KULITE PRESSURE TRANSDUCERS INSTALLED AT
STATION 5 AND 6 IN THE VERTICAL PIPE SECTION.
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FIGURE 3C. - SCHEMATIC SHOWING INTERNAL PRESSURE TRANSDUCER LOCATIONS IN POWERED LIFT
FACILITY FOR ACOUSTIC TESTS.
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FIGURE 4. - COHERENCE FUNCTION FOR INTERNAL TO FAR
FIELD MICROPHONE. [INTERNAL TRANSDUCER NUMBER 10.
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SOUND PRESSURE LEVEL. RE 20 MPa
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SOUND PRESSURE LEVEL. RE 20 MPa
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